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[1] In this work the dynamics and dissolution of a hydrate-
covered CO2 drop were studied, using a numeric model and
data from one of very few CO2 experiments performed in
the real ocean. A theory including the standard drag curve
of rigid spheres was shown not to fit the observed drop rise
velocity. However, a drag parameterization supported by
numerous laboratory experiments with gas bubbles provides
a good match of the observed rise velocity of a liquid CO2
drop covered with hydrate. The results confirm laboratory
results showing that shape is a key factor determining the
CO2 drop dynamics. We also found that hydrate reduces the
mass transfer of the observed drop by a factor of 2, which is
compatible with laboratory experiments. Numerical
experiments with different drop sizes showed that the
choice of drag parameterization has a significant impact on
the estimated vertical distribution of dissolved CO2.
Citation: Gangstø, R., P. M. Haugan, and G. Alendal (2005),
Parameterization of drag and dissolution of rising CO2 drops in
seawater, Geophys. Res. Lett., 32, L10612, doi:10.1029/
2005GL022637.
1. Introduction
[2] To mitigate the increasing atmospheric CO2 level and
reduce the subsequent impacts, sequestration of CO2 is one
option that might become needed in a conversion period to
newer energy forms. Ocean storage and storage of CO2
under the sea bottom with potential leakage into the ocean
both require knowledge of the behavior of CO2 drops in
seawater. To achieve such knowledge, several model calcu-
lations [Sato et al., 2000; Chen et al., 2003; Alendal and
Drange, 2001] and laboratory experiments [Aya et al., 1997;
Hirai et al., 1996] have been performed. Only a few ocean
experiments have been made so far. Brewer et al. [1999] did
deep-sea experiments with injection of liquid and gaseous
CO2, Rehder et al. [2002] studied methane bubbles released
into the ocean and Tsouris et al. [2004] injected a mix of
CO2, seawater and hydrate into the sea.
[3] Brewer et al. [2002] released single CO2 drops into
the ocean in Monterey Bay, California. Fixed to an ROV
was a transparent imaging box, open in top and bottom so
that the drops could move freely in the vertical direction
when released inside. A meter scale was attached to the box,
and a high-definition television camera was positioned at
the ROV. This way Brewer et al. [2002] impressively
managed to follow and measure the drops while rising
several hundred meters. A drop with initial diameter of
8.9 mm was followed for about 45 min, rising from 800 m
to about 500 m. A second larger drop was attached to this
drop after a while; however it was possible to measure the
properties of each drop individually and no change in rise
velocity was observed due to the attachment [Brewer et al.,
2002]. Only the first drop is included in this study. Data
from five observational points were given by Brewer et al.
[2002]. At 800 m the seawater temperature was 4.4C and it
increased to 5.4C at 500 m. CO2 hydrate is expected to
form at depths greater than 200–400 m and at temperatures
below 10C. A thin hydrate layer was observed to surround
the drop.
[4] In the present study a numerical model is used to
simulate the observed drop [Brewer et al., 2002]. The
seawater and CO2 drop characteristics from the ocean
experiment are implemented in the numerical model.
2. Theoretical Approaches
2.1. Rise Velocity
[5] The drop terminal rise velocity, UT [m/s], can be







Here g [m/s2] is the gravitational acceleration, re [m] is the
equivalent radius, r [kg/m3] is the seawater density, rCO2
[kg/m3] is the density of CO2 and Cd [1] is the drag
coefficient. All parameters in equation (1), apart from the
drag coefficient, can be taken from Brewer et al. [2002].
Two different drag parameterizations will be used to match
results from Brewer et al. [2002].
[6] Some laboratory experiments have shown that
hydrate-covered CO2 drops get spherical shapes
[Radhakrishnan et al., 2003, and references therein]. It
has been suggested that these drops behave as rigid spheres
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[e.g., Mori and Mochizuki, 1998]. For the Reynolds
numbers, Re, of our drop (Table 1) the standard drag curve
of a rigid non-rotating sphere can be approximated [Schiller
and Naumann, 1933] by:
Cd ¼ 24
Re
1þ 0:15Re0:687 : ð2Þ
[7] According to Chen et al. [2003], laboratory observa-
tions by Ozaki [1999] have shown deformation of hydrate-
covered drops and these drops can be described as rigid
irregular-ellipse particles. Calculations made by Chen et al.
[2003] where deformation was taken into account matched
observations of Ozaki [1999] for three different seawater
conditions, while the use of theory for rigid spheres did not
match the experimental data.
[8] Bozzano and Dente [2001] also developed a theory
that takes deformation into account by using a drag coeffi-
cient Cd that includes the dimensionless Reynolds, Eo¨tvo¨s
and Morton numbers, Re, Eo and Mo, respectively (Table 1).
Based on a number of experiments with gas bubbles in
different viscous environments they expressed the drag
coefficient as a function of the generalized friction factor f
[1], the drop major semi-axis a [m], and the equivalent
radius re [m]:












1:4 1þ 30Mo1=6ð Þ þ Eo3=2 : ð4Þ





ﬃ 10 1þ 1:3Mo
1=6
 þ 3:1Eo
10 1þ 1:3Mo1=6ð Þ þ Eo : ð5Þ
The dimensionless numbers for the 5 measurement depths,
taken from Brewer et al. [2002] are given in Table 1.
2.2. Mass Transfer
[9] Brewer et al. [2002] found that the mass transfer from




with a constant dissolution rate of G = 3.0 mmol/(cm2s).
Here m [kg] is the mass of the drop and Vm [m
3/mol] is the
molar volume of CO2.
[10] Hydrate formation is expected to reduce the disso-
lution of CO2 into seawater. To find this reduction a
commonly used theory to calculate dissolution rate is also
tried. The mass transfer equation [Crowe et al., 1998;
Alendal and Drange, 2001] is here defined by:
dm
dt
¼ ShpdeDvMCO2 Cs  Cð Þ ð7Þ
where Sh is the Sherwood number, Dv [m
2/s] = [7.1141 
1015  (273.15 + T)]/m is the diffusion coefficient and MCO2
is the molar CO2 equal to 44.01  103 kgmol1. C  0 and
Cs = 1363.33 mol C m
3 are the concentrations of CO2 in
the ocean far from the drop and at the drop surface,
respectively. Cs is obtained from the equation of state for
liquid CO2 [Ely et al., 1989]. T [C] is the seawater
temperature; here we have used a temperature profile based
on the data given by Brewer et al. [2002] and the seawater
viscosity m is set equal to 1.075  103 kg/(ms). The
Sherwood number is found from the Ranz-Marshall
correlation [Ranz and Marshall, 1952]: Sh = 2 +
0.69Re0.5Sc0.33, with the non-dimensional Schmidt number
Sc = v/Dv and v = 1.049  106 m2/s being the kinematical
viscosity of seawater. The decrease in mass transfer due to
hydrate is expressed by dividing the Sherwood number by
different values of a reduction factor RF.
2.3. Vertical Distributions of Dissolved CO2
[11] A CO2 drop rising and dissolving in the ocean will
provide a spread of dissolved CO2 in the water column. To
present this vertical distribution, resulting from a single
drop, the mass that dissolves at each depth is divided by the
initial drop mass. Thus the depth integral of each distribu-
tion curve is equal to one, and these normalized vertical
distributions of dissolved CO2 from drops of different sizes
can be compared. The numerical solution is obtained by
time-stepping the vertical position, velocity, radius and mass
of each drop using a discretized version of equation (1)
coupled to either equation (6) or (7).
3. Results
[12] The result of using the two drag parameterizations
are shown and compared to the observations by Brewer et
al. [2002], in Figure 1. The theory with the standard drag
curve (dashed line) deviates strongly from the measurement
points (circles). The result of using the theory by Bozzano
and Dente [2001] (solid line) however matches the obser-
vations quite well, except for the smallest radius.
[13] The mass transfer results are shown in Figure 2 for
the reduction factor RF having the values 1, 2 and 3. Of
these values, using a reduction factor of 2 (stippled line)
Table 1. The Dimensionless Numbers of the Observed Drop
[Brewer et al., 2002], at Five Stagesa
Depth [m] Re [1] Eo [1] Mo [1]
804.5 871.02 3.12 9.34  1011
706.3 656.73 1.59 1.03  1010
649.1 558.00 1.08 1.09  1010
602.1 436.14 0.64 1.14  1010
496.8 209.53 0.14 1.27  1010
aRe = 2rerU/m, Eo = [gde
2(r  rCO2)]/s and Mo = [gm4(r  rCO2)]/(r2s3),
where U is the relative velocity between the CO2 drop (UT) and the
seawater. The seawater velocity is set equal to 0 m/s as the natural
background velocities in seawater are orders of magnitude smaller than the
velocities studied here, and the drag produced by the walls of the imaging
box has a negligible effect on the rise velocity [Rehder et al., 2002]. The
interfacial tension s is set to 0.023 N/m.
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evidently fits the observed dissolution rate best. This is
compatible with laboratory results [Aya et al., 1992, 1997;
Nishikawa et al., 1995]. Thus the matching Sherwood
number becomes: Sh  2 + 0.35Re0.5Sc0.33. Nevertheless,
the constant dissolution rate of G = 3.0 mmol/(cm2s) by
Brewer et al. [2002] (dashed line) matches the dissolution
rate of this drop better than any reduction factor in the Ranz-
Marshall equation.
[14] The two drag parameterizations are also compared
for different initial drop diameters of 4, 6, 8 and 10 mm
(Figure 3). Using the theory with standard drag (dashed
lines) provides a much larger spread in the terminal veloc-
ities than using the theory [Bozzano and Dente, 2001] that
takes deformation into account (solid lines).
[15] The normalized vertical distributions of dissolved
CO2 for the four different drop sizes in Figure 3 are presented
in Figure 4. The results show that for the smallest drop the
modeled dissolved CO2 is spread over a larger depth interval
when the theory by Bozzano and Dente [2001] is used, while
for the largest drop the modeled dissolved CO2 reaches
highest when the theory with standard drag is used. For the
two sizes in between this difference is smaller.
[16] Chen et al. [2003] suggested that the vertical spread
of dissolved CO2 could be overestimated if the theory of
rigid spheres were used to simulate the release of CO2 drops
in seawater. Figure 4 confirms that this happens if there are
drops larger than 10 mm in the distribution.
4. Discussion and Conclusions
[17] By comparing two drag parameterizations it has been
shown that the terminal velocity of the observed drop
[Brewer et al., 2002] was best matched with the theory by
Bozzano and Dente [2001]. The exception is the last
observational point where the calculated velocity decreases
while the observed velocity increases. At this point the drop
is very small and the measurement errors would be largest.
This deviation might also be due to the fact that trapping of
the very smallest drops was observed in a corner of the
observing box. This seemed to promote some form of
boundary layer attachment and thus the rise rate of the
vehicle perhaps exerted control over the drops rather than
the other way around (P. G. Brewer, personal communica-
Figure 1. Drop diameter and corresponding terminal
velocity. The circles represent the observations made by
Brewer et al. [2002], the solid line use of the theory by
Bozzano and Dente [2001] and the dashed line the theory
with standard drag.
Figure 2. Time versus drop diameter for calculated and
observed mass transfer. Dashed line represents the use of
equation (6), solid line the use of no reduction factor, and
stippled and stippled-dashed line the use of RF = 2 and 3,
respectively.
Figure 3. Modeled diameters and rise velocities for four
drops with initial diameters of 4, 6, 8 and 10 mm released at
800 m. Solid lines represent the theory by Bozzano and
Dente [2001], dashed lines the theory with standard drag.
Time elapses in the direction of the arrows.
Figure 4. Vertical distributions of dissolved CO2 for the
drop of (a) 4 mm, (b) 6 mm, (c) 8 mm and (d) 10 mm. Solid
lines represent the theory by Bozzano and Dente [2001],
dashed lines the theory with standard drag.
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tion, 2005). Thus this theory seems to work for liquid,
hydrate-covered drops. That a theory accounting for change
of shape can describe the behavior of a rising CO2 drop in
the real ocean verifies the laboratory results by Chen et al.
[2003] and Ozaki [1999], and acts in contrast to the earlier
theory that a hydrate film makes the drop spherical.
[18] That hydrate formation reduces the mass transfer by a
factor of two [e.g., Aya et al., 1997] is confirmed in this study
by comparing theory to a rising CO2 drop in the real ocean.
This suggests that the dissolution rate found in laboratory
experiments equals the dissolution rate of a drop in the real
ocean. The dissolution of a CO2 drop is however dependent
on various factors like turbulence and relative velocity
between the drop and the surrounding medium. When the
drop is covered with hydrate, the mass transfer also
decreases with decreasing temperature. In the experiment
by Aya et al. [1997] the reduction factor of 2 matched well
for the temperatures in the present study, but for lower
temperatures a greater value of the reduction factor might
be required.
[19] We found a clear difference in vertical dissolution of
the dissolved CO2 depending on drag parameterization.
Using the theory that best fits the behavior of the drop
observed by Brewer et al. [2002] suggests a higher concen-
tration of dissolved CO2 than using the rigid sphere theory.
Seawater density increases with approximately 8 
103 kgm3 per mol/m3 of total dissolved inorganic carbon
[Haugan and Drange, 1992]. A high concentration of
dissolved CO2 may lead to sinking of the CO2 enriched
seawater, giving a longer residence time. The lower value of
pH related to a high concentration of dissolved CO2 may on
the other hand have a negative effect on the marine life. The
high sensitivity of vertical distribution of dissolved CO2 to
drag parameterization implies that more experiments similar
to the ocean experiment by Brewer et al. [2002] are needed
to put this result on a firm basis.
[20] If it can be shown (see Batchelor [1987] for the
bubble case), that Rayleigh-Taylor instabilities maintain
CO2 drops at the cm scale observed [Brewer et al., 2002]
and modeled here, then drops of this size class are indeed
the important objects of study.
[21] Acknowledgments. This work was supported by G. C. Rieber
Climate Institute, Nansen Environmental and Remote Sensing Center,
Bergen. Suggestions from Peter G. Brewer and comments from an anony-
mous reviewer improved the exposition and discussion of model results.
References
Alendal, G., and H. Drange (2001), Two-phase, near-field modelling of
purposefully released CO2 in the ocean, J. Geophys. Res., 106, 1085–
1096.
Aya, I., K. Yamane, and N. Yamada (1992), Stability of clathrate-hydrate of
carbon dioxide in highly pressured water, Fundam. Phase Change Freez-
ing Melting Sublimation, Winter Annu. Meet. Am. Soc. Mech. Eng., 215,
17–22.
Aya, I., K. Yamane, and H. Nariai (1997), Solubility of CO2 and density of
CO2 hydrate at 30 MPa, Energy, 22, 263–271.
Batchelor, G. K. (1987), The stability of a large gas bubble rising through
liquid, J. Fluid Mech., 184, 399–422.
Bozzano, G., and M. Dente (2001), Shape and terminal velocity of single
bubble motion: A novel approach, Comput. Chem. Eng., 25, 571–576.
Brewer, P. G., G. Friederich, E. T. Peltzer, and F. M. Orr (1999), Direct
experiments on the ocean disposal of fossil fuel CO2, Science, 284, 943–
945.
Brewer, P. G., E. T. Peltzer, G. Friederich, and G. Rehder (2002), Experi-
mental determination of the fate of rising CO2 droplets in seawater,
Environ. Sci. Technol., 36, 5441–5446.
Chen, B., Y. Song, M. Nishio, and M. Akai (2003), Large-eddy simulation
of double-plume formation induced by CO2 dissolution in the ocean,
Tellus, Ser. B, 55, 723–730.
Crowe, C., M. Sommerfield, and Y. Tsuji (1998), Multiphase Flows With
Droplets and Particles, CRC Press, Boca Raton, Fla.
Ely, J. F., W. M. Haynes, and B. C. Bain (1989), Isochoric (p, Vm, T)
measurements on CO2 and on (0.982CO2 + 0.01N2) from 250 to 330 K
at pressures to 35 MPa, J. Chem. Thermodyn., 21, 879–894.
Haugan, P. M., and H. Drange (1992), Sequestration of CO2 in the deep
ocean by shallow injection, Nature, 357, 318–320.
Hirai, S., K. Okazaki, N. Araki, H. Yazawa, H. Ito, and K. Hijikata
(1996), Transport phenomena of liquid CO2 in pressurized water flow
with clathrate-hydrate at the interface, Energy Convers. Manage., 37,
1073–1078.
Mori, Y. H., and T. Mochizuki (1998), Dissolution of liquid CO2 into water
at high pressures: A search for the mechanism of dissolution being re-
tarded through hydrate-film formation, Energy Convers. Manage., 39,
567–578.
Nishikawa, N., M. Ishibashi, H. Ohta, N. Akutsu, M. Tajika, T. Sugitani,
R. Hiraoka, H. Kimuro, and T. Shiota, , Energy Convers. Manage., 36,
489–492, 1995.
Ozaki, M. (1999), Annual report of RITE (in Japanese), pp. 286–307, Res.
Inst. of Innovative Technol. for the Earth, Tsukuba, Japan.
Radhakrishnan, R., A. Demurov, H. Herzog, and B. L. Trout (2003), A
consistent and verifiable macroscopic model for the dissolution of liquid
CO2 in water under hydrate forming conditions, Energy Convers. Man-
age., 44, 771–780.
Ranz, W. E., and W. R. Marshall (1952), Evaporation from drops, Chem.
Eng. Prog., 48, 141–146, 173–180.
Rehder, G., P. G. Brewer, E. T. Peltzer, and G. Friederich (2002), Enhanced
lifetime of methane bubble streams within the deep ocean, Geophys. Res.
Lett., 29(15), 1731, doi:10.1029/2001GL013966.
Sato, T., R.-T. Jung, and S. Abe (2000), Direct simulation of droplet flow
with mass transfer at interface, J. Fluids Eng., 122, 510–516.
Schiller, L., and A. Naumann (1933), U¨ber die grundlegenden Berech-
nungen bei der Schwerkraftaufbereitung, Z. Ver. Dtsch. Ing., 77, 318–
320.
Tsouris, C., P. G. Brewer, E. Peltzer, P. Walz, D. Riestenberg, L. Liang,
and O. R. West (2004), Hydrate composite particles for ocean carbon
sequestration: Field verification, Environ. Sci. Technol., 38, 2470–
2475.

G. Alendal, Bergen Center for Computational Science, University of
Bergen, N-5008 Bergen, Norway.
R. Gangstø and P. M. Haugan, Geophysical Institute, University of
Bergen, N-5007 Bergen, Norway. (reidun_gangstoe@yahoo.com)
L10612 GANGSTØ ET AL.: DRAG AND DISSOLUTION OF CO2 DROPS L10612
4 of 4
